1. Introduction {#sec1}
===============

Children will gain upright postural control equivalent to adults\' when they are aged 7--10 years \[[@B1]--[@B4]\] or 9--12 years \[[@B5]\] according to various studies. The reason may be that children aged over 6 years can appropriately integrate the afferent sensory information required for posture control \[[@B6]\] and acquire the same upright postural control strategy as do adults\' \[[@B1]\]. Foudriat et al. \[[@B7]\] revealed that upright postural control in children up to 3 years of age is vision-dominant, but from that age onward, control will be gradually shifted to somatosensory-dominant control. Somatosensory-dominant postural control equivalent to that of adults will be achieved at ages over 6 years, which indicates that the development of standing balance may be nearly completed in the early school years. Morioka \[[@B8]\] has reported that the ability to maintain the one-leg standing position with eyes open will dramatically improve in children within the period from late preschool age to early school age, and the improvement will slow down during late school age. That study indicated that the development of standing balance is nonlinear and that it is accelerated beginning at a certain age.

On the other hand, the involutional process of standing balance has been reported to be opposite to the process of developing postural control strategies that change from vision-dominant control to somatosensory-dominant control \[[@B9]--[@B12]\]. Such changes include the increased dependence on vision that occurs in elderly people who have difficulty in maintaining standing balance under the condition that somatosensory information is extremely limited \[[@B13]--[@B16]\]. In such an involutional process, the postural balance strategy tends to return from a somatosensory-dominant to a vision-dominant strategy. A linear negative correlation between age and standing time on one leg has been reported \[[@B17]\], which indicates that involution of standing balance progresses with age \[[@B18]\]. Additionally, tactile perception has been reported to greatly contribute to positional balance per se, which is slightly influenced by aging \[[@B19], [@B20]\]. Based on the above background, we supposed that standing balance might show nonlinear rapid development from preschool age to school age and linear involution from a certain age.

The first objective of this study is to determine whether development and involution of standing balance relevant to fall through life, represented by standing time on one leg, are linear or nonlinear, using functions, and to determine the border age of development and involution by calculation. During the developmental process, the strategy to control standing balance changes from vision-dominant to somatosensory-dominant, while in the involutional process, the strategy changes from somatosensory-dominant to vision-dominant. This suggests the possibility that functional changes of somatic sensation due to aging may affect standing time on one leg. The second objective is to clarify the relation between plantar sensation and standing time on one leg, representing somatic sensations by plantar two-point discrimination.

2. Participants {#sec2}
===============

Subjects were 1,241 local residents aged 2 to 92 years who were without orthopedic and nervous disease or history of nervous system disease at the time of measurement and who agreed to participate or whose parents or guardians gave consent for them to participate in this study. In addition, preschool and school age participants were required to be apparently healthy with no past or present serious illnesses or disabilities and to be able to stand with legs together. Measurements of preschool children were done with the permission and cooperation of their kindergarten teachers. Participants were grouped as follows: preschool age (2--6 years), *n* = 167; school age (7--12 years), *n* = 123; adolescence (13--19 years), *n* = 184; 20s, *n* = 196; 30s, *n* = 119; 40s, *n* = 125; 50s, *n* = 95; 60s, *n* = 98; 70s, *n* = 76; 80s, *n* = 42; 90s, *n* = 16.

3. Measurement Methods {#sec3}
======================

We used digital stopwatches to measure standing time on one leg. After the measurement with eyes open (hereinafter referred to as "open eyes"), we also measured standing time on one leg with eyes closed (hereinafter referred to as "closed eyes"). The maximum value for the measurement was 120 seconds. As we did not specify which should be weight-bearing leg, the weight-bearing leg was selected by each subject. Each measurement was performed after the measurement staff demonstrated the maneuver. Participants were asked to drop both upper extremities naturally to their sides and to stand on one leg as long as possible. The measurement was completed when any of the following occurred: (1) any change in position of the weight-bearing foot on the floor during the measurement, (2) any body part except the weight-bearing foot touched the floor, and (3) eyes opened during closed eye measurements. Measurements of preschool-age and school-age children as well as middle-aged and elderly people over 50 years were attended by an observer in addition to the measurement staff to prevent subjects from falling.

Subsequent measurements of plantar two-point discrimination were performed in 579 participants ranging from adolescence to 89 years. The two-point discrimination test was performed by measuring the shortest distinguishable distance between 2 points on the sole of the foot. For the measurement, a caliper was placed on the foot with its end at the center of the heel and facing the forefoot.

4. Methods of Analysis {#sec4}
======================

We used regression analysis and calculated the Pearson correlation coefficient between age and between measurements with both open and closed eyes. We also determined the coefficients of determination to evaluate fittings of the following equations. Labeling the horizontal axis as age (*x*) and the vertical axis as time (*y*), we estimated linear equations (*y* = *ax* + *b*), quadratic equations (*y* = *ax*2 + *bx* + *c*), and cubic equations (*y* = *ax*3 + *bx*2 + *cx* + *d*). Calculations were performed to determine the points where slopes of tangential lines of the quadratic and cubic curves are zero, based on the theoretical standing time on one leg. In other words, we determined the maximum value of a quadratic curve and maximum and minimum values of a cubic curve. These were calculated by detecting the point where the polarity of the increment of *y* changes, then determining the point where the increment of *y* is zero, based on determined equations. As for precision of calculations, 7 significant figures were used.

Additionally, using mean values of open eyes and closed eyes by age, we calculated the linear equations of mean values (*y*) and ages (*x*) to determine the slopes. We used the Pearson correlation coefficient to evaluate the relation between two-point discrimination and open eyes and closed eyes, respectively. We used two-way ANOVA to compare two-point discrimination data among the age groups from the 10s to 80s.

In all evaluations, we used a significance level of less than 5%. For calculation of these functions, we used Excel 2003 (Microsoft Co., Ltd.) and Excel Statistics 2002 for Windows (Social Survey Research Information Co., Ltd.), an add-in software. For calculation of maximum values and minimum values, we used Sruler (Fuji Techno Enterprise, Inc.), a graph making software.

5. Results {#sec5}
==========

Coefficients of determination of linear functions for all subjects were 0.02 for open eyes and 0.03 for closed eyes (both, *P* \< 0.001). Coefficients of determination of quadratic functions were 0.65 for open eyes and 0.33 for closed eyes (both, *P* \< 0.001). Ages at the maximum values in quadratic curves were 39.0 years for open eyes and 37.5 years for closed eyes ([Figure 1](#fig1){ref-type="fig"}). Coefficients of determination of cubic functions were 0.77 for open eyes and 0.52 for closed eyes (both, *P* \< 0.001). Ages at the maximum values in cubic curves were 31.2 years for open eyes and 28.2 years for closed eyes, and ages at the minimum values were 88.1 years for open eyes and 77.3 years for closed eyes ([Figure 2](#fig2){ref-type="fig"}).

[Figure 3](#fig3){ref-type="fig"} shows the means values for standing time for the various age groups. Mean values for standing time with open eyes formed a trapezoidal curve with peak values from adolescence to the 30s ([Figure 3(a)](#fig3){ref-type="fig"}). Thus, we divided the linear function for open eyes into 5 stages: (1) from preschool age to adolescence, (2) from adolescence to the 30s, (3) from the 30s to the 50s, (4) from the 50s to the 70s, and (5) from the 70s to the 90s and calculated the slopes with the following results: (1) 7.1; (2) −0.006; (3) −0.86; (4) −3.2; (5) −1.5. For closed eyes, the shape of the curve was triangular with the peak at adolescence ([Figure 3(b)](#fig3){ref-type="fig"}). In calculating the slopes, we divided the linear function into 2 stages, (1) from preschool age to adolescence and (2) from adolescence to 90s, with results showing the slope for (1) to be 6.7 and for (2) −1.4. In addition, standard deviations for open eyes were high in those of school age and in their 60s and low from adolescence to the 30s. For closed eyes, standard deviations were relatively high throughout until gradually lessening beginning with those in their 50s.

As shown in [Figure 4](#fig4){ref-type="fig"}, there were significant negative correlations between open eyes and two-point discrimination (*r* = −0.78, *P* \< 0.001) and between closed eyes and two-point discrimination (*r* = −0.54, *P* \< 0.001). Additionally, there was a significant positive correlation between age and two-point discrimination (*r* = 0.81, *P* \< 0.001) ([Figure 5](#fig5){ref-type="fig"}). A comparison of two-point discrimination distances among the age groups revealed that the distances increased significantly with aging ([Table 1](#tab1){ref-type="table"}).

6. Discussion {#sec6}
=============

The first objective of this study was to characterize the process of change in standing time according to age. Coefficient of determination for linear function of age and standing time on one leg was low, indicating that such change was not linear.

Previous studies have shown that standing time on one leg decreases linearly beginning at a particular age \[[@B9], [@B21]--[@B24]\]. We estimated the age by determining the maximum value. Bohannon et al. \[[@B17]\] reported that the ability to stand on one leg decreases after the age 60. Also, Choy et al. \[[@B25]\] and Pasquier et al. \[[@B26]\] measured posture stability in subjects aged 20 or older and found that stability decreased after the age of 60 years. On the other hand, we found the maximum value for standing time on one leg was shown at 31 years for open eyes and 28 years for closed eyes, which indicates that involution of standing balance begins at these younger ages. This is consistent with results of a previous study that showed that standing balance decreases almost constantly from the 20s to 65s \[[@B25], [@B26]\]. Anyway, we believe that our study could successfully estimate the time when the involution of standing balance begins by determining the maximum value through calculation. Furthermore, [Figure 3](#fig3){ref-type="fig"} indicates that standing time with closed eyes begins to slowly decline from the 20s whereas the standing time with open eyes starts to drop rapidly from the 60s. These results may be peculiar to conditions of visual blocking in this study.

The second objective of our study was to characterize the relation between sensory function and standing time. Preceding studies have indicated that causes of involution of standing balance include problems in sensory integration of visual, vestibular, labyrinth, and somatic sensations \[[@B27], [@B28]\]. It has also been revealed that the decrease in standing time on one leg is more rapid under conditions of closed eyes than open eyes after the age 60 \[[@B17]\]. This indicates that dependence on vision may increase with age \[[@B17], [@B18]\], and the postural balance strategy may change from somatosensory-dominant into vision-dominant. Based on the fact that somatic sensation around the feet is degraded in elderly people \[[@B27], [@B28]\], somatic sensation obviously influences standing balance.

We found a significant positive correlation between age and plantar two-point discrimination distance and a significant negative correlation between two-point discrimination distance and standing time on one leg, suggesting that degradation of plantar sensation caused by aging shortened the standing time on one leg. From the interage group comparison which disclosed age-dependent increases in plantar two-point discrimination distances, it was found that aging caused degradation of plantar sensation as well as standing time on one leg and that there was a correlation between plantar sensation and standing time on one leg.

The wide standard deviations observed for closed eyes in subjects of all ages and for open eyes in subjects in their 60s may be due to wide variations in individual motor function or exercise habits among these subjects. Furthermore, the maximum measurement time of this study was set at 120 seconds, and obtained values, in a sense, are not standard values of balance function itself. In other words, there is a possibility that other factors, including muscle force and muscular endurance, may be involved. In future studies, these issues must be clarified.

However, if we consider standing time on one leg as an inclusive value representing ability of standing balance, our results appear to be valuable in providing standard data on a healthy population based on analysis of extracted results from a considerable number of subjects. Our data can be considered basic data on standing balance function that can be used in health promotion exercises and may be useful in setting a target of standing time on one leg for a patient with impaired standing balance.

![The standing time on one leg versus age for the eyes open (a) and eyes closed (b) along with the respective quadratic regression lines. All data is shown  (*n* = 1241). Ages at the maximum values in quadratic curves were 39.0 years for open eyes and 37.5 years for closed eyes.](CGGR2012-516283.001){#fig1}

![The standing time on one leg versus age for the eyes open (a) and eyes closed (b) along with the respective cubic regression lines. All data is shown (*n* = 1241). Ages at the maximum values in cubic curves were 31.2 years for open eyes and 28.2 years for closed eyes, and ages at the minimum values were 88.1 years for open eyes and 77.3 years for closed eyes.](CGGR2012-516283.002){#fig2}

![Changes to mean of the standing time on one leg time with the generations. It found the form was similar to trapezoid with its top from adolescence to 30s for open eyes (a). For closed eyes (b), the shape was similar to triangle with its top at adolescence.](CGGR2012-516283.003){#fig3}

![Relation between standing time on one leg and two-point discrimination (*n* = 579). There were significant negative correlations between open eyes (a) and two-point discrimination (*r* = −0.78, *P* \< 0.001) and between closed eyes (b) and two-point discrimination (*r* = −0.54, *P* \< 0.001).](CGGR2012-516283.004){#fig4}

![Relation between two-point discrimination and age (*n* = 579). there was a significant positive correlation between age and two-point discrimination (*r* = 0.81, *P* \< 0.001).](CGGR2012-516283.005){#fig5}

###### 

Two-point discrimination distances by age group.

              10s (*n* = 83)   20s (*n* = 154)   30s (*n* = 99)   40s (*n* = 86)   50s (*n* = 55)   60s (*n* = 51)   70s (*n* = 18)   80s (*n* = 33)
  ----------- ---------------- ----------------- ---------------- ---------------- ---------------- ---------------- ---------------- ----------------
  Eyes open   1.2 ± 0.3        1.3 ± 0.4         1.4 ± 0.4        1.8 ± 0.7        2.5 ± 0.8        3.0 ± 1.0        4.3 ± 1.1        4.8 ± 0.7

Unit: cm. One-way ANOVA revealed that two-point discrimination distances increased significantly with age (*F* = 217.03, *P* \< 0.001).

A multiple comparison test disclosed significant differences between the 10s and 20s, 20s and 30s, and 70s and 80s but not between any other two groups.
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